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a b s t r a c t
A numerical study has been carried out on partially heated triangular enclosures with eave.
The eave and inclined wall has a cold temperature. The laminar, two-dimensional, steady
governing equations of natural convection are solved in the streamfunction-vorticity form
using a finite difference technique. Streamline, isotherm andNusselt number are presented
for different parameters such as aspect ratio AR = H/L from 0.25 to 1, ratio of eave length
E = L/nwhere n changes from 3 to 7 and Rayleigh number from 103 to 106. It is observed
that the heat transfer decreases with increasing aspect ratio for small Rayleigh number but
increases for higher Rayleigh number. Heat transfer also increases with decreasing eave
length.
© 2008 Elsevier Ltd. All rights reserved.
1. Introduction
Natural convection heat transfer is formed inside the building roof due to temperature difference between bottom and
inclined ceiling of the roof. Different boundary conditions can be seen in roofs such as cold climate (hot bottom due to
room heating and cold ceiling due to environmental temperature) and hot climate boundary conditions (hot ceiling due to
environment temperature and cold bottom wall due to air conditioning). Roofs can be constructed depending on climate,
rain and architectural design. The shape of roof is the most important parameter on thermal and flow fields inside the roof.
There are many studies on natural convection analysis in differentially heated square or rectangular enclosures [1].
However, the number of studies concerning partially heated enclosures is very limited and their geometries are generally
square [2–6]. Some authors investigated the natural convection in roofs using different numerical techniques. For example,
Asan and Namli [7,8], Tzeng et al. [9], Akinsete and Coleman [10], Karyakin et al. [11], Kent et al. [12], Holtzman et al. [13],
Oztop et al. [14] investigated the laminar natural convection heat transfer inside the triangular cross-section enclosure
which is applicable as a roof geometry for building at different temperature boundary conditions. However, Varol et al. [15,
16] investigated natural convection in different shaped roofs such as Gambrel and Saltbox roofs, respectively. They observed
that natural convection flow fields depend strongly on the shape and thermal boundary conditions of the roof. Moukalled
and Acharya [17] solved natural convection heat transfer in a trapezoidal roof with baffles which were located at the top
and bottomwall. Nacima [18] investigated the natural convection inside a greenhouse including its roof. Morsi and Das [19]
solved the natural convection equations for a complex enclosure.
Themain purpose of the present study is to analyze the flow and thermal field inside a shed roof with eave in cold climate
boundary conditions. To the knowledge of the authors and the above literature, laminar natural convection heat transfer
has not been yet investigated for partially heated roofs. Thus, this study will be the first attempt in that area and it should
be helpful to designers and constructors.
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Nomenclature
AR Aspect ratio, AR = H/L
B Length of room ceiling
E Length of eave, E = L/n
g Gravitational acceleration
Gr Grashof number
H Maximum length of roof
L Length of bottom wall
n Coefficient (3 ≤ n ≤ 7)
Nu Mean Nusselt number
Nux Local Nusselt number
Pr Prandtl number
Ra Rayleigh number
u, v Axial and radial velocities
X, Y Nondimensional coordinates
Greek letters
υ Kinematic viscosity
θ Nondimensional temperature
Ω Nondimensional vorticity
β Thermal expansion coefficient
ω Vorticity
α Thermal diffusivity
Ψ Streamfunction
Subscript
C Cold
H Hot
2. Problem and mathematical model
2.1. Problem definition
The schematic configuration of a shed roof with eave is depicted in Fig. 1 which is of triangle geometry onwhich one side
is 90 deg according to x-axis with height, H and has an adiabatic boundary condition. In this figure, the bottom wall has a
constant hot temperature with length, B. The eave of the enclosure and hypotenuse has a cold temperature. The total length
of the bottom wall is L = B+ E.
2.2. Mathematical model
The governing equations are written in the streamfunction-vorticity form for laminar flow regime and are two-
dimensional. Navier–Stokes equations in the streamfunction-vorticity form are written as Eqs. (1)–(3) for a steady,
incompressible, Newtonian fluid with the Boussinesq approximation [20]. Furthermore, it is assumed that radiation heat
exchange is negligible and that gravity acts in a vertical direction.
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Based on this non-dimensional variables are given as
X = x
L
, Y = y
L
, Ψ = ψPr
υ
, Ω = ω(L)
2Pr
υ
, θ = T − T C
TH − TC (4)
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Fig. 1. Schematic configuration of the building.
u = ∂ψ
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3Pr
υ2
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α
. (5)
2.3. Boundary conditions
Boundary conditions for the considered model are depicted on the physical model (Fig. 1). In this model, u = v = 0 for
all solid boundaries.
On the adiabatic wall, ∂T
∂n = 0.
On the bottom wall, 0 < x < B, T = TH
B ≤ x ≤ L, T = TC .
On the inclined wall, T = TC .
2.4. Heat transfer relations
Heat transfer inside the enclosure is given by the Nusselt number. Calculation of the local Nusselt numberwas performed
over partially heated active wall as
Nux = − ∂θ
∂Y
∣∣∣∣
Y=0
(6)
and the mean Nusselt number is given by
Nu =
∫ B
0
NuxdX . (7)
3. Numerical technique
Governing equations in the streamfunction-vorticity form (Eqs. (1)–(3)) are solved using a finite difference method.
Algebraic equations are obtained via Taylor series and they solved iteratively using the Successive Under Relaxation (SUR)
technique. The central difference method is used for discretization procedure. The detailed solution technique is well
described in the literature [21,22]. As convergence criteria, 10−4 is chosen for all dependant variables as given in Eq. (8)
and a value of 0.1 is taken for under-relaxation parameter. Some grid tests are made between 34 × 34 and 238 × 238 to
obtain the optimum grid dimension. It was decided that a 121×121 grid dimension is enough for calculations. The iteration
process is terminated under the following condition:
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Table 1
Comparison of mean Nusselt numbers for E = 0 and AR = 1 with Asan and Namli [8]
Ra 103 104 105 106
Nu (Ref. [8]) 4.87 5.12 7.15 12.27
Nu (present) 4.65 4.92 7.04 12.10
Fig. 2. Comparison of local Nusselt numbers for triangular geometry with literature.
∑
i,j
∣∣Φmi,j − Φm−1i,j ∣∣/∑
i,j
∣∣Φmi,j∣∣ ≤ 10−4 (8)
whereΦ stands for either θ or Ψ , andm denotes the iteration step.
3.1. Code validation
The computational results are validated against the results of Asan and Namli [7] which is the triangular cross-sectional
geometry to check accuracy of the code. The finite volume method is performed in their case. Akinsete and Coleman [10]
used the finite difference technique for the same problem. Recently, Tzeng et al. [9] applied the NSAPA technique to solve
a natural convection problem in a triangular enclosure. The obtained results of local Nusselt number compared with those
three studies with the same boundary conditions, Rayleigh number, Ra = 2772 and Prandtl number, Pr = 0.71 can be seen
in Fig. 2. The local Nusselt number increases asymptotically along the bottom wall. The Nusselt number is very high at the
intersection of hot and cold boundary due to the high temperature difference. Thus, their value does not show in the figure.
We also made another comparison with mean Nusselt numbers for a triangular enclosure at E = 0 and AR = 1 including
high Rayleigh numbers. The results are presented in Table 1. The comparison of results showed that there is good agreement
between present study and literature (Asan and Namli, [8]).
4. Results and discussion
A numerical study is performed to obtain thermal and flow field inside a shed roof with eave in cold climate conditions
due to buoyancy forces. The parameters which govern flow and thermal fields are AR = H/Lwhich changes from 0.25 to 1,
the ratio of length of eave E = L/n and Rayleigh number from 103 to 106. According to these parameters we will present
the streamlines, isotherms, local and mean Nusselt numbers considering the effects of Ra number, aspect ratio and length
of eave.
In this part of the study, we examined the thermal and flow fields with different Ra numbers ranging from 103 to 106.
Fig. 3 illustrates the streamline (on the left) and isotherm (on the right) at AR = 0.5, E = L/3 and different Rayleigh numbers.
Conduction heat transfer is dominant for the Rayleigh numbers between 103 and 105 (Fig. 3a–c). A single cell is obtained
clockwise at Ra = 103 and 104 (Fig. 3a and b). But the length of cell is bigger at Ra = 103 than that for 104. Its center is
closer to the vertical wall for higher Ra number. Multiple cells are formed as the Ra number increases. In Fig. 3c, the main
cell in clockwise and the other one which is located at the left bottom corner in counterclockwise. However, for the highest
Ra number, four cell centers are obtained. A similar result can be found in Asan and Namli [7] but in their case, velocities are
symmetric on the vertical wall. Isotherms are very similar to each other up to Ra = 105 due to dominant conduction regime
inside the roof. Also the corner of the triangle becomes cool as neighbor boundaries are the same temperature. However for
the highest Ra number a plumelike temperature distribution is obtained and the corner of roof is still cold. Also, isotherms
are stratified near the bottom and inclined boundaries.
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Fig. 3. Streamlines (on the left) and Isotherms (on the right) for the case AR = 0.50 and E = L/3, (a) Ra = 103 , (b) Ra = 104 , (c) Ra = 105 , (d) Ra = 106 .
Fig. 4 shows the effects of an aspect ratio which changes from 0.25 to 1, on thermal and flow fields via streamline and
isotherms at Ra = 105 and E = L/5. For the smallest aspect ratio two circulation cells are obtained. The big one is located
at the middle and the small one forms at the corner and both of them rotates clockwise. It is due to the fact that very small
area to movement of flow. In this case, isotherms are almost parallel to the bottom and inclined boundaries due to presence
of small domain and short distance of hot and cold boundaries. As the aspect ratio increases, multiple cells are obtained
in different directions. The small cell which is located near the eave disappears for higher aspect ratios due to an increase
of flow strength of main the flow. The main cell in the clockwise direction is dominant to the counterclockwise in Fig. 4b.
Because the heated fluid moves up and impinges onto the inclined part then moves down, and the small distance between
bottom and inclined walls, they elongate through to the inclined boundary. This movement forms a cell at the bottom left
corner. In this case, there is no plumelike distribution in isotherms due to the low flow velocity. For a higher aspect ratio such
as AR = 0.75 and AR = 1 two different circulation cells are obtained in different directions, the corner one being smaller
for higher aspect ratio as plotted in Fig. 4d. The shape of the big cell becomes almost circular. In this case a Rayleigh-Bénard
type flow is formed due to bottom heating of the enclosure. Overall, observation on the aspect ratio shows that a higher
aspect ratio is a way to disregard the effect of eave from the heat transfer point of view and the main cell becomes larger
as the aspect ratio increases. Besides, we observe that the flow and the convection pattern are clearly influenced by the
geometrical configuration of the inclined wall.
Fig. 5 shows the streamlines and temperature distributions inside the shed roof with eave for different eave length at
Ra = 106, which is the highest Ra number and smallest aspect ratio. Ra number is chosen up to Ra = 106 to avoid an
instability problem as indicated in the literature [9]. The length of eave namely the partial heater length affects the flow
fields and temperature distribution inside the roof. As eave length decreases the number and length of cells increases due to
increasing heater length. Similar results are indicated by Aydin and Yang [6] for the case of a square cavity. For the highest
eave length E = L/3 there is no circulation cell in the bottom cold corner. However, cells are formed as the length of eave is
decreased. However, the location of themain cell does not change for all cases. Diagonally an ellipsoidal main cell is formed.
Due to the small aspect ratio, a conduction mode of heat transfer is dominant. Thus, isotherms are parallel to each other.
In the same manner, flow and temperature fields are presented for two values of aspect ratio as AR = 0.5 (Fig. 6) and 0.75
(Fig. 7). Multiple cells were formed in both figures due to high Rayleigh number. As illustrated in the figures the number of
cells was changed by eave length. It is an interesting result that the number of cells decreases with decreasing eave length
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Fig. 4. Streamlines (on the left) and Isotherms (on the right) for case Ra = 105 and E = L/5, (a) AR = 0.25, (b) AR = 0.50, (c) AR = 0.75, (d) AR = 1.0.
Fig. 5. Streamlines (on the left) and Isotherms (on the right) for the case Ra = 106 and AR = 0.25, (a) E = L/3, (b) E = L/5, (c) E = L/7.
for AR = 0.5 and increases with eave length for AR = 0.75. The location of the plume on the bottomwall changes a changing
of eave length for cases due the change of heater length.
The variation of local Nusselt number is plotted with different parameters for the effects of aspect ratio and length of
eave in Figs. 8 and 9, respectively. Fig. 8a shows the effects of aspect ratio on the variation of local Nusselt number along
the bottom wall (on the left) and right wall (on the right). As indicated in the figure, the local Nusselt numbers are almost
constant up to up to intersection (x = 0.78) of cold (eave) and hot wall (bottom of roof). But there is a maximum value at
this point. Similarly, on top of this point there is another peak value for local Nusselt number on the inclined wall. As the Ra
number is increased the local Nusselt number has two maximum values on the bottom and inclined wall of the roof. Fig. 3d
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Fig. 6. Streamline (on the left) and isotherm (on the right) for the case Ra = 106 and AR = 0.50, (a) E = L/3, (b) E = L/5, (c) E = L/7.
Fig. 7. Streamlines (on the left) and Isotherms (on the right) for the case Ra = 106 and R = 0.75, (a) E = L/3, (b) E = L/5, (c) E = L/7.
explains the reason for this trend. The higher maximum value at Ra = 106 is obtained at the same point with Ra = 103. A
sinusoidal wave motion can be seen on the inclined wall. The effects of eave length on mean Nu number at AR = 1 can be
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Fig. 8. Variation of local Nusselt number for different aspect ratios along the bottom wall (on the left) and along the inclined wall (on the right), E = L/5,
(a) Ra = 103 , (b) Ra = 106 .
Fig. 9. Variation of local Nusselt number for different eave lengths along the bottom wall (on the left) and along the inclined wall (on the right), AR = 1.0
(a) Ra = 103 , (b) Ra = 106 .
seen in Fig. 9 for different Ra numbers. It can be seen that, the eave length affects the location of maximum value of local
Nusselt number. Almost the same maximum values are obtained for all value of eave length. But the local Nusselt number
on the inclined surface decreases with an increase of eave length as given in Fig. 9a (on the left). Themaximum value of local
Nusselt number decreases with an increase of eave length. However, they are almost constant on the inclined wall.
MeanNusselt number is plotted for different aspect ratio as a function ofRanumbers at different eave length in Fig. 10a–b.
In Fig. 10a, the mean Nusselt number is almost constant with an increase of Ra number and it increases with a decrease of
eave length at AR = 0.25 which is the smallest aspect ratio in the present study. Because of the very small volume of
enclosure the hot and cold surfaces are very close to each other thus, conduction heat transfer is dominant. This result can
be seen from the temperature distributions for different cases as indicated in Figs. 4a and 6. In other cases, as the aspect ratio
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Fig. 10. Mean Nusselt numbers as a function of Rayleigh number for different eave lengths (a) AR = 0.25, (b) AR = 1.0.
Fig. 11. Mean Nusselt numbers as a function of Rayleigh number for different aspect ratios, (a) E = L/3, (b) E = L/7.
Fig. 12. Mean Nusselt numbers as a function of eave length for different Rayleigh numbers, AR = 0.50, (b) AR = 1.0.
increases the mean Nusselt number increases with an increase of Rayleigh number as indicated in Fig. 10b. Fig. 11a and b
compare the effects of aspect ratio onmean Nusselt number at different length of eave. The highest mean Nusselt number is
obtained at AR = 0.25 except for the value of Ra = 106. They are constant up to Ra = 104 due to domination of conduction
heat transfer. The highest heat transfer is obtained with the lowest length of eave as expected. This result can be seen from
Fig. 12. Heat transfer increases as eave length decreases due to an increased ratio of heat transfer per area. Finally, Fig. 13
indicates the variation of mean Nusselt number as a function of aspect ratio. Two different dimensionless eave lengths are
tested for different Rayleigh number. Fig. 13(a) shows that heat transfer decreases with increasing aspect ratio but values
are almost same for Ra = 103 and 104 due to the domination of the conduction mode of heat transfer. Increasing aspect
ratio enhances the heat transfer for Ra = 105. The highest value of heat transfer was formed for AR = 0.5 and Ra = 106.
Higher values of aspect ratio become insignificant on heat transfer when E = L/3. A similar trend was observed for E = L/7
but a higher heat transfer was observed at this value of eave length due to an increase of heater length.
5. Conclusions
In the present study, a numerical analysis of laminar natural convection heat transfer and fluid flow is performed inside
a shed roof with eave in cold climate boundary conditions. The following conclusions that can be drawn from the obtained
results are
1. As a general observation, it is found that the heat transfer is increased with an increase of Rayleigh number and thermal
and flow fields are affected by shape of geometry.
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Fig. 13. Mean Nusselt numbers as a function of aspect ratio for different Rayleigh numbers (a) E = L/3, (b) E = L/7.
2. The aspect ratio is the most effective parameters on thermal and flow fields. The heat transfer is decreased with an
increased aspect ratio for small Rayleigh number but it is increased for higher Rayleigh number.
3. The length of eave is another parameter on natural convection such that heat transfer is increased with decreasing eave
length.
4. An optimization may be useful for the governing parameters which affect natural convection, but it is out of the scope of
the present paper.
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